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Results

IGF-1 Potentiation of Cerebellar Calcium Channel Currents
We found that cerebellar granule neurons responded rapidly and dramatically to IGF-1. Within seconds, low (10-100 ng/ml) concentrations of IGF-1 strongly potentiated calcium channel currents (Figures 1A and 1B; N ϭ 51 cells) . Peak responses were typically obtained within 30 s (N ϭ 49 of 51 cells), and often within 10 s (N ϭ 16 of 51 cells). In the absence of specific calcium channel blockers, responses showed no obvious voltage dependence, increasing ‫-2ف‬fold over a wide range of membrane potentials (Ϫ40 mV to ϩ40 mV; Figures 1B and  1D ). Addition of vehicle saline in place of IGF-1 failed to elicit any response (Figures 1C and 1D ; N ϭ 13 cells). The IGF-1 responses appeared to be specifically mediated by IGF-1/RTKs: very low concentrations of IGF-1 (10 ng/ml) were effective (N ϭ 6 cells), while insulin (100 ng/ml) elicited no responses (N ϭ 7 cells), even though subsequent addition of IGF-1 (20 ng/ml) was effective in the same neurons ( Figure 1A) . Moreover, the effect of general tyrosine kinase (TK) inhibitors also supports the involvement of cellular and/or RTKs: responses were fully blocked by the active TK inhibitor, Lavendustin A (1 M; N ϭ 10 cells; Figure 2A ; see also Figure 1D ), but unaffected by exposure to its inactive analog, Lavendustin B (1 M; N ϭ 5 cells; Figure 2B ; see also Figure 1D ).
PI 3-Kinase Mediates the IGF-1 Potentiation
Although the intracellular pathways used by RTKs in neurons are not fully known, PI 3-kinase has been implicated in a variety of processes in non-neural cells and recently was shown to mediate IGF-1-dependent survival of cerebellar neurons (Dudek et al., 1997) . We provide here evidence strongly suggesting that PI 3-kinase mediates the neuronal IGF-1 channel modulation and, in addition, that its activation is a rate-limiting step: First, the specific membrane-permeable PI 3-kinase inhibitors, LY294002 and wortmannin (Yano et al., 1993; Vlahos et al., 1994) , both blocked the IGF-1-induced potentiation of calcium channel currents (Figures 3A and 3B ; see also Figure 1D ; N ϭ 10 cells exposed to 10-50 M LY294002, and N ϭ 8 cells exposed to 50 nM wortmannin). In contrast, cells from sister cultures, exposed to the highest dimethyl sulfoxide (DMSO)-containing vehicle concentration, responded normally to IGF-1 (FigFigure 1 . Cerebellar Calcium Channels Are Rapidly Regulated by ure 3C; see also Figure 1D ; N ϭ 9 cells). Furthermore, IGF-1 (A) Insulin failed to elicit responses, although subsequent addition of low concentrations of IGF-1 potentiated calcium channel currents: voltage-activated barium currents were evoked by depolarizing voltage pulses from Ϫ80 to 0 mV before, 10 s after addition of 100 ng/ (D) IGF-1 responses in untreated granule neurons (open bars), and ml insulin (small curved arrow), and 10 s after subsequent addition those pretreated with TK or PI 3-kinase inhibitors (striped bars), or of 20 ng/ml IGF-1 (large arrow). To determine whether an insulin transfected with PI 3-kinase p85 subunits (solid bars). Values are response could develop slowly, several minutes were allowed to fold increases (ϩSEMs) over the pre-IGF-1 current levels measured elapse between the additions of insulin and IGF-1; no insulin potentiin the same cells; barium currents were evoked by depolarizing ation was detected. (A), (C): scale bars, 50 pA and 5 ms.
voltage pulses from Ϫ80 to 0 mV. Ns for each group are indicated (B) Membrane current-voltage relation for IGF-1 potentiation. Values over the bars. In two cases, the untreated cells were not superfused represent currents recorded in cells both before IGF-1 (closed cirwith IGF-1, but with insulin (*) at 100 ng/ml or vehicle saline (**). cles) and 30 s after IGF-1 addition (closed triangles); mean Ϯ SEM;
Before testing their ability to respond to IGF-1, the pretreated cells in some cases, errors were smaller than the symbols denoting the were exposed to: Lav. A, 1 M Lavendustin A; Lav. B, 1 M Lavenmeans. N ϭ 26 cells. dustin B; wort., 50 nM wortmannin; LY294002, 10 M; and vehicle, (C) Vehicle additions failed to alter calcium channel currents: barium currents, evoked as in (A), before and 10 s after (arrow) addition of 0.001% DMSO in saline. Transfections were performed as described vehicle saline. N ϭ 13 cells.
in the text. (10 M), fully blocked IGF-1 increases in barium currents, but had no effect on sodium currents (no tetrodotoxin present). (A-C), arrows indicate 10 s after 20 ng/ml IGF-1; voltage-clamp protocol as in no nonspecific effects of the inhibitors could be de- currents affected ( Figure 3A ). We also assessed directly the function of PI 3-kinase in the transduction pathway. In vivo, the kinase appears becoming Ͼ10-fold. Together, the results imply that acto function as a dimer composed a catalytic subunit tivation of PI 3-kinase is not merely required, but also (p110) that conveys the kinase activity and a regulatory rate limiting. subunit (p85) that is activated either by binding directly to the RTK or, potentially, in the cases of insulin and Rapid Modulation of Cerebellar PI IGF-1 receptors, to insulin receptor substrate-1 (IRS-1).
3-Kinase Activity Here, we transiently cotransfected granule neurons with
The IGF-1 dependence of PI 3-kinase activity in granule cDNAs encoding an inactive regulatory p85␣ subunit of neurons was additionally assayed to determine whether the kinase (⌬p85; Dhand et al., 1994) and the jellyfish its activity is stimulated sufficiently rapidly to allow the green fluorescence protein (GFP; Marshall et al., 1995) , rapid channel modulation. PI 3-kinase was extracted an autofluorescent protein that enables identification from cerebellar granule cells briefly stimulated with low of transfected neurons. Under these conditions, IGF-1 levels of IGF-1, and its ability to phosphorylate phospharesponses were fully blocked (Figures 4A and 4B; see tidylinositol was assessed in vitro . also Figure 1D ; N ϭ 25 cells). Cells transfected with only Within 10 s, IGF-1 (20 ng/ml) dramatically increased the the GFP-containing vector showed responses indistinkinase's activity in a dose-dependent manner (Figure guishable from those of non-transfected cells (see also 5A). Conversely, pretreatment with PI 3-kinase inhibitors Figure 1D ; N ϭ 9 cells). Cells were also transfected with or a TK inhibitor prevented the IGF-1-dependent inthe wild-type p85␣ subunit (wt-p85). Moreover, cells crease ( Figure 5B ); inactive inhibitor analogs had no transfected with ⌬p85, wt-p85, or the GFP-containing effect ( Figure 5B) . These results clearly demonstrate that vector alone were not discernibly different prior to IGF-1 IGF-1 can rapidly regulate PI 3-kinase activity in neurons addition, with indistinguishable input resistances, sowithin the period of calcium channel modulation. dium currents, and basal calcium channel currents, suggesting that regardless of transfection condition, the cells were equally healthy.
Differential Modulation of N and L Channels Specific neuronal functions have been ascribed to difImportantly, overexpression of the wild-type p85␣ subunit (wt-p85) not only permitted IGF-1 modulation ferent calcium channel subtypes (Hirning et al., 1988; Lemos and Nowycky, 1989; Holz et al., 1989 ; Murphy to occur, but significantly increased the IGF-1 responses ( Figures 4C and 4D ). On average, an increase of ‫-4ف‬fold et al., 1991; Augustine and Neher, 1992; Spitzer, 1994; Regehr and Mintz, 1994; Turner et al., 1995) . Differences was observed (see also Figure 1D ; N ϭ 18 cells). In addition, the level of potentiation appeared to increase in modulation of specific subtypes could determine the significance of RTK modulation in vivo. We were, therewith transfection effficiency. As judged qualitatively by the fluorescence intensity of the marker protein, there fore, particularly interested in ascertaining whether all calcium channels were being modulated, or whether was variability in the levels of expression of the exogenous genes. The levels of IGF-1 potentiation appeared effects were unique to individual subtypes. Based on the known pharmacological sensitivities of the calcium to vary similarly, generally increasing as fluorescent intensity increased and, in one wt-p85-expressing cell, channel subtypes in cerebellar granule neurons (Tsien Figure 6D . However, it should be noted that the toxinmanyfold in a wt-p85/GFP-transfected cell.
insensitive R current, which is unaffected by IGF-1, is expected to be approximately half of the initial currents measured (Randall and Tsien, 1995) . Consequently, the et al., 1988; Randall and Tsien, 1995) , we assayed the ability to respond to IGF-1 after pretreatment with differreal potentiation of the RTK-sensitive N and L currents should be considerably greater. Although these results ent combinations of subtype-specific calcium channel toxins.
do not preclude the unmasking of silent channels or insertion of new channels (Strong et al., 1987) , the We found that cotreatment with N-and L-type calcium channel inhibitors, -conotoxin-GVIA (-CgTx-GVIA, 500 unique voltage dependencies of N and L channel potentiation strongly imply that existing channels are being nM) and nimodipine (5 M), completely eliminated the IGF-1 potentiation of calcium channel currents ( Figure  modified . The macroscopic currents were also analyzed to de-6A; N ϭ 16 cells). Neither P nor Q calcium channels, sensitive to -agatoxin-IVA (-aga-IVA, 300 nM), nor the termine whether IGF-1 modulation altered basic kinetic properties. Potentially, IGF-1 might increase calcium residual (R), toxin-insensitive calcium currents known to be present in granule neurons (Randall and Tsien, current levels by increasing the likelihood of channel opening in response to depolarization, or by decreasing 1995) detectably contributed to the IGF-1-induced enhancement (N ϭ 61 cells) . Together, the data suggest the likelihood of closing. Therefore, we examined current rise times to assess whether IGF-1 increased the likelithat only the N and L calcium channels are modulated by neuronal IGF-1/RTKs.
hood of channel opening, as well as current decay times to determine whether IGF-1 reduced depolarizationThe N and L channels were modulated in surprisingly distinct voltage ranges (Figures 6B-6D) . To isolate the dependent inactivation or the rates of simple channel closure at hyperpolarized membrane potentials. To this IGF-1-sensitive L current (plus the IGF-1-and toxininsensitive R current), neurons were pretreated with a end, the time constants of activation, inactivation, and deactivation were estimated: the rise time at the begincombination of -CgTx-GVIA (500 nM) and -aga-IVA (300 nM): these currents responded strongly at hyperponing of a depolarizing voltage pulse, the decay during a pulse, and the decay following the return to the holding larized membrane potentials, though relatively poorly at potential (Ϫ80 mV) at the end of the test pulses were fit, respectively, by one, one and two exponentials. Analysis of -CgTx-GVIA-and -aga-IVA-insensitive L (ϩR) currents indicates a large shift in the voltage dependence of activation, with rise times increasing ‫-3ف‬fold at hyperpolarized membrane potentials (E m ϭ Ϫ20 to Ϫ40 mV; ac shifting from ‫01ف‬ to 3 ms over this range; N ϭ 23 cells). With increasing depolarization, the rise times shifted toward control, pre-IGF-1 levels; above ϩ20 mV, there were no differences between pre-and post-IGF-1 levels. In contrast, no alterations in L current inactivation, which ranged from Ͼ1 s at hyperpolarized potentials to ‫004ف‬ ms at strongly depolarized potentials, or deactivation, which ranged from 1.2 ms at Ϫ40 mV to 0.14 ms at ϩ40 mV, were detected at any potential. Conversely, when the dihydropyridine-and agatoxininsensitive N (ϩR) currents were analyzed, the primary effect appeared to relate to reduced inactivation at depolarized potentials: at strongly depolarized potentials (E m ϭ 0 to ϩ40 mV), the time constants of current fall off during test pulses increased ‫-5ف‬fold, with inac shifting from ‫001ف‬ to 550 ms over this voltage range and a maximum shift at ϩ40 mV, where, prior to exposure to IGF-1, inac was 97 Ϯ 20 ms, but after IGF-1 was 624 Ϯ 55 ms (N ϭ 8 cells) . No effect could be observed at potentials more hyperpolarized than Ϫ10 mV. In addition, a slight increase in the rates of activation ‫-5.1ف(‬ fold) could be observed at strongly depolarized potentials, with ac shifting from 1.3 Ϯ 0.2 to 0.8 Ϯ 0.1 ms at ϩ40 mV (N ϭ 8 cells) . Again, no effects on deactivation could be detected.
Discussion
We have identified a novel means of channel modulation, the rapid potentiation of specific neuronal calcium channel currents by the IGF-1/RTK. The mechanism utilizes PI 3-kinase as an essential and apparently ratelimiting signaling component. Although the full sequence of intracellular events is unknown, the separate and unique shifts in the voltage sensitivity of N and L channels strongly suggest that the final step is biochemical modification of specific channel sites. In vitro, the can activate an atypical protein kinase C (Akimoto et and 300 nM -aga-IVA. al., 1996) , and exogenous stimulation of protein kinase (C) Potentiation of N currents occurred preferentially at depolarized potentials: upper, test potential ϭ Ϫ30 mV; lower, test poten-C activity has been associated with enhancement of tial ϭ ϩ20 mV; neuron pretreated with 5 M nimodipine and 300 both N and L currents (Yang and Tsien, 1993; Hall et nM -aga-IVA. al., 1995) . IGF-1 also activates TKs and phosphatases (D) Evoked membrane current-voltage relationship for the IGF-1 (PTPs; Kenner et al., 1993) , and a variety of channels potentiation: peak current measured after IGF-1 was divided by that are TK-or PTP-regulated (Wilson and Kaczmarek, 1993;  measured before. Closed circles, the potentiation of L currents due to 20 ng/ml IGF-1 (N ϭ 23 neurons pretreated with 500 nM -CgTx- Huang et al., 1993; Wang and Salter, 1994; Lau and GVIA and 300 nM -aga-IVA) . Closed triangles, N current potentia- Swope et al., 1995; Holmes et al., 1996a, integral membrane lipid PIP 3 , was recently discovered to bind a protein, centaurin-␣, which is localized in Misra et al., 1994) . During differentiation, L channelmediated calcium influx is essential for neurite out-NGF-differentiated PC12 cell growth cones and associgrowth, synapse formation, survival, and the shift to the ated with the cytoskeleton (Hammonds-Odie et al., 1996, mature action potential profile (Spitzer, 1994) . Growth and 1996 Neuroscience abstract). The discovery of PIP 3 -factors have also been implicated in many of these probinding proteins opens the intriguing possibility that it cesses: FGF induces calcium channel-dependent neumight directly alter channel behavior. Further, PIP 3 can rite outgrowth (Williams et al., 1994) , and IGF-1 and L be attacked by lipid phosphatases to yield phosphatidylchannel inhibitors were recently revealed to have antaginositol-3,4-bisphosphate, a lipid that may recruit downonistic effects on cerebellar granule neurons, with IGF-1 stream effectors to the membrane .
promoting survival and L channel blockers decreasing One such effector is Akt/PKB␣, a serine/threonine it (Galli et al., 1995; Dudek et al., 1997) . kinase that mediates IGF-1-dependent survival of culOur work demonstrates functional colocalization of tured cerebellar granule neurons (Dudek et al., 1997;  IGF-1/RTKs and L channels in granule neuron somata. Franke et al., 1997) . The direct target(s) of Akt/PKB reThis suggests that a principal effect of IGF-1 modulation main to be determined, but potentially include neuronal might be regulation of calcium-dependent enzymes, in calcium channels. particular, transcription factors (Alberini et al., 1994) . Although the significance of RTK activity in mammaIncreased activation and increased rate of activation lian neurons is not yet established, rapid modulation at negative potentials should increase the likelihood of of ion channel activity by neuronal RTKs could be an firing calcium action potentials by effectively reducing important means for determining both mature and develthe amount of depolarization needed to trigger an imoping nervous function and, in particular, for rapidly pulse. Moreover, the shift in L channel voltage sensitivity controlling calcium-dependent processes. An especially could be especially significant for neurons that do not important area of future study will be determining the normally fire somal action potentials. Increased activasites of release and local concentrations of growth faction at hyperpolarized potentials might eliminate the tors in the central nervous system. Currently, physiologineed for strong depolarization to induce calcium influx. cal concentrations, as used here, are defined by the Developmentally, this would be expected to trigger inlevels found in cerebrospinal fluid. The actual levels of flux-dependent cellular differentiation (Spitzer, 1994 ; Gu IGF-1 around central neurons and how they might vary and Spitzer, 1995) and, because early action potential over time are unknown, although it is known that both activity has been linked to establishing neural circuits neurons and glia make IGF-1 mRNA (LeRoith et al., (Katz and Shatz, 1996) , potentially could contribute to 1993). pattern formation. Our results strongly imply that rapid Local release of IGF-1 would be especially crucial for IGF-1 regulation of N and L channels would lead to a neuronal responses. Neurons consist of physically and substantial increase in calcium influx. Whether occurring functionally distinct domains. Since calcium channel acas a result of spontaneous activity or mature action tivity contributes to regulating many of these functions, potential firing, such increases in intracellular calcium the subcellular codistribution of IGF-1/RTKs and the may dramatically alter neuronal function. IGF-1-sensitive channels may elucidate the significance of RTK modulation. For example, colocalization in preExperimental Procedures synaptic terminals, where N channels are preferentially expressed (Westenbroek et al., 1992; Sheng et al., 1996) ,
Electrophysiology of Cultured Granule Neurons
would imply increased neurotransmission and a means Cerebellar granule cells from p5-p7 rats were cultured by standard means (Messer, 1972) (Spitzer, 1994) , the activation of 0.25 mg/ml) to permeabilize the patch and allow low resistance ras and src, the modulation of RTKs (Finkbeiner and electrical access without breaking the patch membrane; electrode , and gene expression, including de resistance, ‫3ف‬ M⍀. Initially, a pipet saline omitting BAPTA and containing 2 mM MgCl 2 was used; however, we found that we could novo synthesis of ion channels (Murphy et al., 1991;  detect, at best, small -conotoxin-GVIA-sensitive currents and four times in cold lysis buffer and twice in cold kinase assay buffer (in mM: 30 NaCl, 20 ␤-glycerophosphate, 0.2 Na4VO3, and 5 Naswitched to an Mg 2ϩ -free pipet solution (Pearson et al., 1993) . The extracellular recording saline was (in mM): 100 NaCl, 20 BaCl 2, 20 pyrophosphate). Pellets were then assayed for inositol lipid kinase activity in vitro tetraethylammonium chloride, 5 4-aminopyridine, 1 M tetrodotoxin, and 10 Na-HEPES [pH 7.4] . Under these conditions, calcium by incubation in PI and 32 P-␥-ATP. Explicitly, 40 l of kinase assay buffer and 20 l of freshly prepared PI (per sample, 60 g PI in channel currents could be recorded for 5 min without displaying significant 'rundown'. Frozen stocks of human recombinant IGF-I kinase assay buffer plus 1% cholate) were added to each tube. Samples were placed in a 37ЊC water bath, and production of radio-(Collaborative Biomedical Products) were diluted into extracellular saline and superfused over cells.
labeled PI was initiated by addition 40 l of 32 P-␥-ATP (30 Ci/ sample), 3 M Na 2ATP, and 7.5 mM MgCl; 5 min incubation at 37ЊC. Reactions were terminated by the addition of 500 l of an ice-cold Kinase Inhibitors methanol-chloroform-water (8:4:3) solution. TK and PI 3-kinase inhibitors (Lavendustin A, wortmannin, LY294002)
Following assay, lipids were isolated from proteins, and the [ 32 P]PI were dissolved at mM concentrations in 20%-100% DMSO and 3-P produced by the activated PI 3-kinase was separated from other then serially diluted into recording salines (Figures 2 and 3 ) or culture phosphorylated species by thin layer chromatography. This was media ( Figure 5 ) to the final concentrations stated in each figure. done by adding to each sample 175 l of chloroform plus 175 l 1 Paired vehicle controls used either the highest DMSO-vehicle con-M HCl, vortexing and centrifuging, transferring the organic phase to centration (0.001% DMSO) or, where available, inactive analogs of tubes containing 630 l of a 48:47:3 methanol-1 M HCl-chloroform active inhibitors (e.g., Lavendustin B). Lavendustin A is a general solution, and again vortexing and spinning and removing the organic TK inhibitor, blocking both RTK and cellular TK activities. The two phase, which was spotted onto silica gel thin layer chromatography PI 3-kinase inhibitors are both thought to be highly specific for PI plates, and run in a 100:70:15:25 methanol-chloroform-ammonia-3-kinase at the concentrations used here: in the nanomolar range, water solvent for 1-2 hr. Air-dried plates were exposed to film for 2-8 wortmannin has only been shown to block PI 3-kinase activity, aldays at Ϫ80ЊC. [ 32 P]PI 3-P spots were identified autoradiographically though at 200-to 1000-fold higher concentrations, it will inhibit MAP and quantified by scintillation counting. In all cases, a single band kinases (Yano et al., 1993) . Similarly, LY294002 at the concentrations corresponding to [ 32 P]PI 3-P was obtained. used has no demonstrable effects on other kinases (Vlahos et al., 1994) .
